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1. Introduction
Forest  ecosystem sensitivity to climate change is  a  result  of  direct  impacts from climate
(e.g.  changes  of  temperature  and precipitation)  and indirect  impacts  from several  biotic
(e.g.  pests)  and  abiotic  factors  (CO2  and  Ozone  concentration)  influenced  by  climate
change  [12].  Within  this  chapter  we  will  concentrate  on  possible  changes  for  drought
hazards  due  to  climate  change  scenarios.  Drought  generally  has  a  negative  impact  on
ecosystem productivity and increases mortality.  Species adapted to cold and wet condi‐
tions with low reproduction rates and limited mobility seem to be most affected. It  was
found that beech, and surprisingly the broadleaved Mediterranean forests are highly sen‐
sitive to drought [1]. The drought of 2003 was in some areas, especially in Germany and
France,  the  strongest  drought  during  the  last  50  years.  The  analysis  showed that  some
time lag  effect  can occur,  thus  e.g.  for  beech the  growth reduction was  stronger  in  the
following  year  2004  after  the  drought  event  of  2003.  Besides  the  strong  impact  of  ex‐
treme years  as  2003  experts  assume that  in  the  long run,  a  change in  the  frequency of
hot and dry years could affect tree species composition and diversity more than one sin‐
gle event [6].  The hydrological cycle at the local scale might superimpose the influences
from  climate  change  on  a  broader  scale  but  extreme  events  such  as  droughts  cause
growth reductions  across  many site  conditions  [4].  For  the  drought  analysis  within  the
MANFRED project  and because of  the  information gap1  on local  site  conditions  for  the
whole study area we concentrated our analysis on the predicted input changes from pre‐
cipitation and temperature.
1 like information about the soil, groundwater, surface runoff etc.
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2. Method
2.1. Regional climate modelling
Global Circulation Models (GCMs) simulate large scale features of global atmospheric and
ocean circulation, based on physical principles. A relevant disadvantage is the coarse hori‐
zontal resolution of app. 100-120km in mid-latitudes. This resolution is inadequate to reflect
the orographic influences and effects of land cover and soil on atmospheric and hydrological
processes at regional scales (Figure 1). Therefore a Regional Climate model (RCM) is embedded
into a global model to calculate the atmospheric and hydrological processes on finer scales
down to 10x10 km (Figure 2). Along borders the RCM is supplied with data from the GCM,
inside the model domain the RCM develops its own dynamics. While the GCM simulates the
response of the climate system to global driving forces (greenhouse gas, solar activity,
volcanoes …) the RCM simulates additionally the impact of regional factors like terrain, soil
and land cover.
Figure 1. Temperature values in a N-S cross section through the Alps as calculated by GCMs (red triangles) and as ex‐
pected due to elevation (black squares) ( AIT, figure based on ECHAM4 results and a temperature-elevation gradient
based on observation data)
Another important point is to distinguish between weather prediction models and climate
models. A weather prediction model starts from actual state of the atmosphere and calculates
a few days into the future, but after 10-14 days the model is no longer correlated to the real
state of the atmosphere. On the other hand the simulation time in climate models may be up
to centuries. Therefore climate models do not describe actual weather, but a potential realisa‐
tion of weather conditions. Only in long term statistics like mean values or variability a climate
model should be similar to real weather behaviour. Weather prediction like: „It`s raining on
April, 24th 2045“ is not possible, but statistical information similar to: „The probability of
precipitation in June in the 2040s is higher than today“ can be derived.
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2.2. Three steps to regional climate scenarios
Regional climate is influenced by global atmospheric conditions and the global climate
processes. Hence, for calculations of regional climate scenarios it is necessary to use a stepwise
approach, consisting of three main steps:
Step 1: Selection of a particular emission scenario for consideration of atmospheric changes.
Step 2: Selection of a global climate model to calculate the scenarios for global climate
processes.
Step 3: Selection of an appropriate regional climate model and calculation of the regional
climate scenarios.
2.2.1. Step 1: Selection of a particular emission scenario for consideration of atmospheric changes
The Intergovernmental Panel on Climate Change (IPCC) provides a wide range of Green
House Gas scenarios based on assumptions of the future development of technologies and
society (Figure 3).
Figure 3. CO2 concentrations in the atmosphere as predicted by different IPCC scenarios (IPCC 3rd Assessment Report –
Climate Change, 20012)
Figure 2. RCM domain (Δx= 10 – 50 km) embedded into a GCM (Δx= 100 – 300 km), Wegener Center Univ.Graz)
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The selection of an appropriate scenario is the first important step towards the estimation of
climate change signals. The A1 storyline for example describes a future world of very rapid
economic growth, global population that peaks in mid-century and declines thereafter, and
assumes rapid introduction of new and more efficient technologies. Major underlying
themes are convergence among regions, capacity building, and increased cultural and social
interactions, with a substantial reduction in regional differences in per capita income. The
A1 scenario family can be divided into three branches describing alternative directions of
technological change in the energy system. They are distinguished by their technological
emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a balance across all
sources (A1B)3. Out of this the scenario A1B was selected because it represents a moderate
increase of Green House Gases (GHG) and is located in the centre of all covered assump‐
tions (Figure 4). The predicted temperature boost for different emission scenarios addition‐
ally depends on the used GCM and covers a range from app. 1°C to more than 5°C. The
estimated global temperature increase for the scenario A1B until the end of the century is in
the range of +1.5°C to +2.5°C, which underlines its conservative position as it does not tend
to any extreme at the upper or lower bounds.
 
Figure 4. Increase of the global temperature according to different IPCC scenarios4, (IPCC, 2001, 3rd Assessment re‐
port)
2 http://www.grida.no/publications/other/ipcc%5Ftar/?src=/climate/ipcc_tar/wg1/figspm-5.htm , accessed 15.10.2012
3 http://www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf , IPCC SPECIAL REPORT, EMISSIONS SCENARIOS, 2000
4 http://www.grida.no/publications/other/ipcc%5Ftar/?src=/climate/ipcc_tar/wg1/fig9-14.htm, accessed 15.10.2012
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2.2.2. Step 2: Selection of a global climate model to calculate the scenarios for global climate processes
The 2nd step in the approach is the choice of the GCM providing the driving data. In our case
results from the German ECHAM5/MPI-OM ([17], [18]) model have been used. The tempera‐
ture increase towards the end of the century predicted by the ECHAM5 model tends to be at
the lower end compared to other models (black arrows in Figure 5). Further information on
the ECHAM5 model can be obtained from http://www.mpimet.mpg.de/en/wissenschaft/
modelle.html5.
2.2.3. Step 3: Selection of an appropriate regional climate model
The 3rd step includes the appropriate choice of the RCM providing high resolution data needed
for regional analyses. In our case the German “Consortial Runs” [8] were chosen. They were
carried out with the RCM Cosmo-CLM6. The Grid on which these model runs are based consists
of 257x271 cells with a resolution of 0.165° which corresponds to app. 18x18km in mid-latitudes
(Figure 6). The time range of these simulations starts in 1961 and covers 140 years up to 2100.
Many atmospheric parameters (like temperature, precipitation, snow, wind components,
radiation, cloud cover, etc.) are available on a daily or even hourly basis from the German
Climate Data Center (DKRZ) via the Climate and Environmental Retrieval and Archive
(CERA7).
5 http://www.mpimet.mpg.de/en/science/models/echam/echam5.html
Figure 5. Increase of the global temperature according to the IPCC scenario A1B predicted by different GCMs. The
arrows mark the temperature timeline given by the ECHAM5 model (dashed yellow line), [15]
Drought in Alpine Areas Under Changing Climate Conditions
http://dx.doi.org/10.5772/56277
169
Figure 6. Model domain for Cosmo-CLM Consortial Runs (257x271 cells, resolution: 0,165°), [8]
2.3. Drought hazard calculation with regional climate input data
As there is no single drought parameter which can summarize the impact of climate change
on drought for forests, it has been decided to calculate several parameters to provide as much
information for forest practitioners as possible. For the current study results of the IPCC climate
scenario A1B8 downscaled to a spatial resolution of 1x1km and daily time resolution have been
applied. Temperature as well as precipitation data for every day have been analysed within
the time period from 1961 to 2100. As the scenario A1B is rather moderate concerning emissions
and temperature increase (cf. Figure 4&5) the results according to climate change impacts on
drought presented within the MANFRED project can be seen, despite of the uncertainty of the
climate change scenarios, as a quite probable development.
6 http://www.clm-community.eu/, accessed 3.9.2012
7 http://cera-www.dkrz.de,accessed3.9.2012
8 http://www.ipcc.ch/ipccreports/tar/wg1/029.htm (accessed 3.9.2012) and Figure 3&4
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All calculations have been performed for the whole study area of the MANFRED project with
a horizontal resolution of 1x1km. Climate data where statistically downscaled from the original
18x18km simulation results and investigated for 10 case study regions. The downscaling
exercise has been conducted by the Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL)9 (see therefore the particular chapter in this book).
The following list shows the main parameters, which have been calculated as 30-year means:
• Total precipitation during different periods10
• Change of total precipitation during different periods
• Mean yearly cycles of daily precipitation
• Mean number of dry days11 during different periods
• Mean change of number of dry days during different periods
• Number of dry episodes of different lengths
• Change of number of dry episodes
• Maximum length of dry episodes and changes in the future
• Mean heat wave lengths12 during different periods
• Mean change of heat wave lengths during different periods
• Mean daily temperature
3. Results for the entire Greater Alpine Region (GAR)
The Figures 7 and 8 show that precipitation in general is reduced in the whole area at any time.
For regions south of the Alps a stronger reduction is estimated and the decrease after 2050 is
more significant than till 2050.
To calculate the number of dry days we have used a value used a threshold of 1mm precipi‐
tation per day as threshold for a dry day. This was done because 1mm of rainfall usually will
not reach the soil in forested areas because it is intercepted in the canopy. Furthermore, climate
models tend to overestimate the precipitation and values of zero precipitation occur almost
never. The calculation of the number of dry days can be performed with different thresholds,
but this will not significantly change the results as we focus on the change signals13 and not
the absolute values of dry days (Figures 9 and 10).
9 http://www.wsl.ch/
10 vegetation period (April to September), annual and seasonal results
11 a dry day is a day with less than 1mm precipitation
12 heat waves are: 3 consecutive days with Temp. > 30°C & until mean max. Temp. < 30 °C & not max. Temp. of one day
< 25°C
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13 the relative differences not the absolute values
Figure 7. Relative change of total precipitation between 1971/2000 and 2021/2050 (30 yr mean) (Source:
ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation and spatial analy‐
sis: AIT)
Figure 8. Relative change of total precipitation between 1971/2000 and 2071/2100 (Source: ECHAM5/CLM A1B Con‐
sortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation and spatial analysis: AIT)
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Figure 9. Change of number of dry days during vegetation period in 2041/2070 compared to 1971/2000 (Source:
ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation and spatial analy‐
sis: AIT)
Figure 10. Change of number of dry days during vegetation period in 2071/2100 compared to 1971/2000 (Source:
ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation and spatial analy‐
sis: AIT)
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The amount of total precipitation will be reduced in the future, and the number of dry days
and also the maximum length of dry episodes will increase. But also the distribution of rainfall
during the year will change which may be assumed to have a stronger impact on vegetation
(Figure 11).
Figure 11. Mean annual cycle of daily precipitation for different periods (30 yr means). (Source: ECHAM5/CLM A1B
Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation and analysis AIT)
The 30y mean of daily precipitation behaviour for the entire GAR shows a shift from main
precipitation during the period from May to August to a maximum in April and November.
Major reductions may occur from May to end of September so that during summer the drought
hazard will increase significantly and also be strengthened due to the temperature increase in
this period of the year, as predicted for the future.
3.1. Development of heat waves
As additional parameter we calculated a Heat Wave Index (HWI) according to [7] and [9],
which is defined as at least 3 consecutive days with max. temperature above 30 °C and each
further day with max. temperature above 25 °C as long as the mean of the max. temperatures
over the whole period is not below 30°C. Usually, temperature decreases with higher altitudes,
which means that a threshold of 30°C will never be reached in these regions. Nevertheless,
some “heat waves” will also occur at higher elevations. To be able to calculate a HWI in a
mountainous region, all temperature values had to be normalized to sea level. To achieve this,
an average temperature gradient of 0.7°C for each 100m of altitude was assumed. Thus, from
a Digital Elevation Model (DEM) of the Greater Alpine Region with a spatial resolution of 1km
a theoretical temperature at sea level was calculated. These normalized temperature values
were used to determine the HWI for the vegetation period from April to September (Figure
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12 and 13). As shown in Figure 14 the maximum length of heat waves increases over the entire
GAR, with significant stronger rise south of the Alps.
Figure 12. 30-year mean of maximum heat wave length during vergetation period vegetation season 1971/2000 –
temperature normalized to sea level. (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km down‐
scaling: WSL. Data compilation and analysis: AIT)
Figure 13. 30-year mean of maximum heat wave length during vergetation period vegetation season 2071/2100 –
temperature normalized to sea level. (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km down‐
scaling: WSL. Data compilation and analysis: AIT)
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Figure 14. Change of maximum heat wave length during vergetation period for 2071/2100 compared to 1971/2000
– temperature normalized to seal level (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km down‐
scaling: WSL. Data compilation and analysis: AIT)
4. Presentation of major results for the case study regions
This section discusses exemplarily major results for five of the ten case study regions. The
different location of the regions can be seen in Figure 15. Location and extent of the regions
have been provided by the project partners of MANFRED. The criteria for taking the five
samples out of the ten was to select one from each country providing sample regions as well
as covering the climate characteristics from north to south and from west to east.
All results represent statistical means of the entire regions of interest. Larger regions – overall
the Italian region I1 (Lombardy) – show a wider range of climate characteristics as the area
reaches from low elevated areas with Mediterranean influence to high Alpine areas. The
differences in the area mean and area max values give some hint regarding the range of the
values.
The following table of diagrams (Figure 16) presents the annual variation of precipitation for
the selected case study regions. They all show declining precipitation during the summer
months. But from north to south the changes somehow deviate. In the northern regions –
influenced by Atlantic climate (“Nordstaulagen”) – the case study regions D1, A1 may expect
a growing peak of spring precipitation and from May to September a high decrease during the
future decades. The regions, which are influenced by the Mediterranean Sea (I1 and S1) will
face a decline of summer precipitation and the evolution of two distinct peaks: a smaller spring
Management Strategies to Adapt Alpine Space Forests to Climate Change Risks176
peak and a high peak in November. The Swiss region (C1) seems to be affected by both
influences – the precipitation decline in summer is still high, two precipitation peaks occur –
a higher spring peak which is characteristic for the northern regions and a smaller autumn
peak which is typical for Mediterranean influence. In all areas there is a significant secondary
sink in October.
The diagrams in Figure 17 show the evolution of the total precipitation during the growing
season for the selected case study regions: All regions show a moderate decline of the average
and the maximum rainfall sum. The German (D1) as well as the Slovenian (S1) case study
region show moderate precipitation ranges between 600 and 800 mm which declines in
Germany to 600 for max values and 550 mm for average values, in Slovenia the max values
remain almost the same, the average values decline from almost 700 mm to 350 mm. All other
case study regions show an absolute decline of about 100 - 200 mm of the max values in the
high alpine areas and again an absolute decline of about 50 - 100 mm of the average numbers
referring more to the low elevated areas. For the lower elevated areas like the Italian region I1
the decline may turn out to be severe as the precipitation sum during the vegetation period is
between 500 and 700mm and the temperature is going to be higher which results in higher
evapotranspiration.
While in Figure 17 the total precipitation during the growing season is shown, Figure 18 depicts
the seasonal precipitation sums during different 30 year periods. In all regions a significant
decrease of the summer precipitation is obvious: the total rainfall during summer declines
from 400 to 300 mm in the northern regions, from app. 400 to 250 mm in the Slovenian region
(S1) and from 250 to 150 mm in the Italian areas with Mediterranean influences (I1).
Figure 15. Location of the ten case study regions explored in MANFRED
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The following table of diagrams (fig. 19) indicates the evolution of the number of dry days
during the vegetation season for the selected case study regions. All regions show a distinct
increase of the average and the maximum number of dry days: the less alpine German region
(D1) starting from 69 (average) / 73 (max) dry days may expect an extra of about 20 dry days
Figure 16. Mean yearly distribution of precipitation from 1971/2000 to 2071/2100 for case study regions D1, A1, C1,
I1 and S1 (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compila‐
tion and analysis: AIT)
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till 2100, the Swiss region (C1) starts from 48 (average) / 55 (max) dry days and will face an
increase of app. 15 dry days till 2100. The Vorarlberg Region (A1) with alpine climate and some
moderate influence of Lake Constance starts with 80 (average) / 90 (max) dry days and may
expect another 20 dry days till 2100. In the small Slovenian region (S1) the number of dry days
will increase from app. 120 by 10 to 20 days till 2100. The large Italian region (I1) shows the
widest range because of the Alpine and the Mediterranean influences with hottest tempera‐
Figure 17. Mean total precipitation during the vegetation period from 1971-2000 to 2071/2100 for case study re‐
gions D1, A1, C1, I1 and S1 (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL.
Data compilation and analysis: AIT)
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tures in the Po Valley: 110 (average) and 135 (max.) dry days with an expected increase of 15
dry days.
The following table of diagrams (fig. 20) shows the evolution of the seasonal 30 year mean
number of drought periods greater than 10 days for the selected case study regions. In general
the number of more than 10-day dry periods for current climate accounts to 1-2 events per
Figure 18. Mean seasonal total precipitation sums from 1971-2000 to 2071/2100 for case study regions D1, A1, C1, I1
and S1 (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data compilation
and analysis: AIT)
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season and is expected to grow by app. 1 event during summer months till the end of the
century. All regions show a significant increase of such drought periods during summer. The
northern regions (A1 and D1) show a rise up to nearly 200 %, the Slovenian region up to 90%
and the Italian regions – due to higher occurrences at present – app. 40 %. At most locations
there may be some reduction in spring, but overall changes during the other seasons except
summer are not very significant.
Figure 19. Mean number of dry days during vegetation season from 1971/2000 to 2071/2100 for case study regions
D1, A1, C1, I1 and S1 (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km downscaling: WSL. Data
compilation and analysis: AIT)
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 Figure 20. Relative change of mean number of dry periods greater than 10 days compared to period 1971/2000 for
case study regions D1, A1, C1, I1 and S1 (Source: ECHAM5/CLM A1B Consortial run, 18x18km resolution, 1x1km
downscaling: WSL. Data compilation and analysis: AIT)
5. General result discussion
The Figures above let expect on the one hand a decrease of total precipitation within the
vegetation period during the coming decades till 2100 and on the other hand a substantial
increase of dry day periods – both aspects may lead to increasing drought stress in the
particular forest areas in the greater alpine area.
• The tendency to significant lower rainfall in summer can be found in all areas. The decline
of precipitation south of the Alpine main ridge (Northern Italy, Slovenia) is much stronger
due to the Mediterranean influence. The applied climate scenario assumes a decline of
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summer precipitation up to 50%. This surely will affect forests in southern regions and may
lead to extended drought stress and fire hazard.
• A similar picture gives the comparison of the number of dry days in the future with the 30
year mean for 1971/2000 (Figure 20). The number of dry days north of the alpine main ridge
is 1/3 less than south of it. The increase of dry days is estimated to achieve 15 to 20 additional
days, which is quite severe in the southern regions with numbers above 120 dry days for
current climate. The number of dry day episodes as well as the length of the periods is
expected to increase in all regions by 2 or 3 events per length class for the shorter episodes.
The long periods (20 to 30 days) occur only in the southern regions and are also expected to
increase.
Thus the combination of precipitation decrease, increase of the length of dry day periods as
well as the increase of temperature may result in severe drought stress effects on the forest
areas.
Investigations of forest growth and dendroecology compiled from tree ring chronologies have
shown that differences between tree species to cope drought events in wide range occur. Over
a longer period after an intense drought event14 Norway spruce tend to be more effected as
common beech and Scots pine. Pedunculate and sessile oak species showed very little growth
losses in the investigations by Beck [1].
In general the estimation of the local risks for forest and forest management needs local forest
experts and stakeholders which are able to balance the different demands on forests to sustain
in the future. The presented results of the single case study regions of the project MANFRED
can be used as input for these analyses by local experts. The MANFRED project provides much
more information than discussed within this book chapter. Detailed data have been provided
to the stakeholder of the different case study regions and all MANFRED project partners.
6. Uncertainty and spatial variability of regional climate projections
Uncertainty in regional climate projections can be roughly divided into four components: (1)
Natural variability15, (2) uncertainty in external forcing (mainly anthropogenic forcing like
greenhouse gas emissions and land use change)16, (3) uncertainty due to imperfect simulation
of the climate system (model uncertainty)17, and (4) downscaling uncertainty. Prein et al. ([15,
16]) analysed the relative contributions of natural variability, emission scenarios and models
to total uncertainty over Europe. The uncertainty components for air temperature and precipi‐
14 e.g. the drought of 2003 in middle Europe
15 The term natural variability refers to deterministic and random fluctuations in the climate system, that occur on various
spatial and temporal scales,[3].
16 GHG emissions depend on many factors including growth of population and economy, energy prices and energy
source selection, cultural and social interactions, technological development and land use, the latter serving either as
GHG sink or as GHG emission accelerator. Since it is impossible to strictly predict the future development of these factors,
the pathway of future emissions remains uncertain. The IPCC Special Report on Emission Scenarios (SRES) [14] provides
different storylines of how the world might develop and the associated trajectory of future GHG emissions.
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tation over Europe due to internal variability, model formulation, and emission scenario
assumptions until the mid and the end of the 21st century are regarded in Prein’s study, based
on 23 different GCMs driving 84 simulations of the CMIP318 ensemble.
They found that uncertainty due to the formulation of the climate models describing atmos‐
pheric processes is largest for temperature as well as precipitation regime changes. The
following Figure 21 presents a comparison of simulation results for seasonal change of
temperature and precipitation in the south western part of the greater alpine Region (GAR) –
the region, where most of our case study regions are located.
Changes of precipitation amount are calculated relative with respect to 1961-1990. The black
lines indicate the median changes, [5].
The cross in the diagrams marks the median of precipitation change (horizontal) and temper‐
ature change (vertical): The temperature change medians of the four seasons oscillate between
1.2 and 2 °C while the seasonal precipitation change medians shows rates of 0 to 7% of the
particular precipitation total. The changes of all seasonal temperature means show the widest
range between +0.5°C and 3°C during summer. The ECHAM5-driven simulation marked with
green dots show always the smallest temperature gain, while the HADCM3-based19 results
marked with blue and purple dots show constantly the highest increase. For precipitation the
single models show high deviations during the seasons, ranging from -20 to +20 %. ECHAM-
based models show declines in spring and summer, and (little) precipitation increase in
autumn and winter, while the HADCM3-scenarios show no clear trend indicating some
increase as well as some decrease during the seasons. These results give an idea of the
uncertainty range which can be expected also for the model output applied in MANFRED.
But uncertainty shall not be mixed up with spatial variability unless the variability itself shows
uncertainty: A rough exploration of the spatial variability – and the uncertainty - has been
conducted in the project reclip:century carried out by AIT ([13], http://reclip.ait.ac.at/
reclip_century).
Besides uncertainty, there are also distinct location related differences between the regions,
which are effects of terrain and position within the global atmospheric pressure and humidity
motion patterns. Thus the simulations show a clear influence of the Alpine main ridge on the
spatial distribution of climate change signals, with e.g. precipitation increase north of the Alps
in spring, summer and autumn, and some decline in the southern and western parts. The
temperature change pattern show rather an east-west- than a north-south-gradient. For Austria
regional change trends for temperature and precipitation have been extracted from three
regional climate simulation runs (based on 2 GHG scenarios and 3 RCM/GCM-combinations20)
17 Uncertainties due to climate models arise from incomplete understanding and simplified formulation of climate
processes in the models [19]. In order to quantify these uncertainties, ensembles of different or modified climate models
are used.
18 Coupled Model Intercomparison Project Phase III, http://cmip-pcmdi.llnl.gov/, accessed 08.04.2013
19 “HadCM3 stands for the Hadley Centre Coupled Model version 3. It was developed in 1999 and was the first unified
model climate configuration not to require flux adjustments (artificial adjustments applied to climate model simulations
to prevent them drifting into unrealistic climate states)”.http://www.metoffice.gov.uk/research/modelling-systems/
unified-model/climate-models/hadcm3, accessed 5 September 2012
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20 The observed seasonal changes till 2050 as explored in these three reclip:century simulations are integrated in the
diagrams in Fig. 21 and marked by names: AIT-CCLM is based on a A1B/HADCM3/CCLM combination, WEGC-CCLM
is based on an A1B/ECHAM5/CCLM combination and ZAMG-CCLM is based on a B1/ECHAM5/CCLM model
combination.
Figure 21. Scatter plots for the changes in 2-m air temperature and precipitation amount between 2021/2050 and
1961/1990 for GAR-South-west for 22 ENSEMBLES simulations (http://www.ensembles-eu.org) [10, 11].
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for the four seasons and related to Austrian climate regions. The range of climate change signals
within a region refers to uncertainty, the range of climate change signals between the regions
refers to local effects of spatial variability21.
Winter:
temperature: +1.6 to +2.2 °C, prec.: +8 to +13% increase
more in E less increase in the S and W
Spring:
temperature: +1.0 to +1.2 °C. prec.: constant to light decreases,
more distinct in the E
Summer:
temperature: +1.0 to +2.5 °C, prec.: little loss,
scenarios disagree! more distinct in the S
Autumn:
temperature: +1.7 to +2.3 °C, prec.: little loss,
W, S: higher increase, N: divergent more distinct in S, SE and eastern Alps
Such general location based variability/uncertainty in climate signal change can be expected
for the entire Greater Alpine Region.
7. Further research and conclusion
The drought analysis within the MANFRED project where concentrated on the analysis of
predicted input changes from precipitation and temperature. The local effects of changes in
precipitation, drought length and frequencies or heat waves have to be estimated with local
experts including local site conditions. The results show different manifestations of the
assumed climate change scenario (A1B) within different areas, especially north or south of the
alpine main ridge. It has to be noticed that the analysed climate change scenario is not an
extreme scenario, thus the real changes in temperature and precipitation might lead to more
severe hazards for forests in the future (see Figure 4 and 5). Above we briefly mentioned the
uncertainties of climate change scenarios, which especially referring to precipitation are not
neglectable, thus reducing this uncertainty should be one important research task for the
future. Beyond this more ample spatial referenced information about site conditions as soil
texture, surface runoff, evapotranspiration etc. would be very important to develop a closer
understanding of the local hydrological conditions for the whole analysed Greater Alpine
Region. A general increase in winter precipitation (mainly in northern and central Europe) and
21 This Tabble below referes to results for Austria and it is for the year 2050, not further
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decreases in summer precipitation (mainly in central and southern Europe) can be found in
different climate scenario simulation. Analysis of extreme events (as drought periods, length
and frequencies) have more drastic consequences on tree growth than gradual changes in mean
climate conditions [12]. In the future more advanced extreme event analyses have to be
developed corresponding with reduced uncertainty in climate change scenarios.
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